S U M M A R Y The proinflammatory enzyme 5-lipoxygenase (5-LOX) is upregulated in Alzheimer's disease (AD), but its localization and association with the hallmark lesions of the disease, b-amyloid (Ab) plaques and neurofibrillary tangles (NFTs), is unknown. This study examined the distribution and cellular localization of 5-LOX in the medial temporal lobe from AD and control subjects. The spatial relationship between 5-LOX immunoreactive structures and AD lesions was also examined. We report that, in AD subjects, 5-LOX immunoreactivity is elevated relative to controls, and its localization is dependent on the antibody-targeted portion of the 5-LOX amino acid sequence. Carboxy terminus-directed antibodies detected 5-LOX in glial cells and neurons, but less frequently in neurons with dystrophic (NFT) morphology. In contrast, immunoreactivity observed using 5-LOX amino terminus-directed antibodies was virtually absent in neurons and abundant in NFTs, neuritic plaques, and glia. Double-labeling studies showed a close association of 5-LOX-immunoreactive processes and glial cells with Ab immunoreactive plaques and vasculature and also detected 5-LOX in tau immunoreactive and amyloid containing NFTs. Different immunolabeling patterns with antibodies against carboxy vs amino terminus of 5-LOX may be caused by post-translational modifications of 5-LOX protein in Ab plaques and NFTs. The relationship between elevated intracellular 5-LOX and hallmark AD pathological lesions provides further evidence that neuroinflammatory pathways contribute to the pathogenesis of AD. (J Histochem Cytochem 56:1065-1073 
ALZHEIMER'S DISEASE (AD), the most common form of dementia in the elderly, is characterized neuropathologically by the presence of b-amyloid (Ab)-containing senile plaques and tau protein-containing neurofibrillary tangles (NFTs). These lesions are associated with brain inflammation and oxidative imbalance resulting in lipid peroxidation, DNA and RNA damage, and neuronal degeneration (Hensley et al. 1995; Akiyama et al. 2000; Pratico and Delanty 2000; Nunomura et al. 2007; Moreira et al. 2008) . Understanding the status of proinflammatory molecules, especially in relation to the pathological hallmarks of AD, is necessary for the development of novel therapeutic strategies. , which catalyzes the conversion of arachidonic acid to proinflammatory mediators leukotrienes, is involved in chronic inflammatory diseases in the periphery (Rådmark et al. 2007 ). This enzyme is also expressed in the brain, with particularly high levels in the hippocampus (Lammers et al. 1996) , and its expression increases during aging and in neurodegenerative disorders Tomimoto et al. 2002; Zhang et al. 2006; Zhou et al. 2006; Chinnici et al. 2007 ). Several lipoxygenases, including 5-LOX and 12/15-LOX, are elevated in brain tissues from AD subjects and Ab-overproducing transgenic mice (Praticò et al. 2004; Yao et al. 2005; Firuzi et al. 2008) . Furthermore, inhibition of 5-LOX reduces Ab production in vitro (Firuzi et al. 2008) and is protective against Ab-mediated neurotoxicity (Goodman et al. 1994 ). These observations suggest that 5-LOX plays a role in AD and is a potential target for novel therapeutic agents Klegeris and McGeer 2002) .
In this IHC study, we characterized the distribution and cellular localization of 5-LOX-immunoreactive (ir) structures in the hippocampal formation of AD patients and aged non-demented (control) subjects, with emphasis on the association of these structures with Ab plaques and NFTs.
Materials and Methods

Subjects
Eleven AD patients [age range, 60-93 years; four men and seven women; post-mortem interval (PMI) 5 4-14 hr] were followed in the University of Pittsburgh Alzheimer's Disease Research Center (ADRC). All had clinical diagnoses of AD and autopsy-confirmed AD with advanced stages of neuropathology (Braak V/VI) (Braak and Braak 1991) . Five of the 11 AD subjects had cortical Lewy bodies. Five control subjects (age range, 49-75 years; three men and two women; PMI 5 10-20 hr), drawn from autopsy cases at the University of Pittsburgh Medical Center, had no history of dementia and no disease-specific pathology on neuropathological examination (Braak stage 0), except for ischemic events observed in two cases.
Tissue Preparation and Single-label IHC All chemicals were purchased from Sigma (St. Louis, MO) unless otherwise indicated. Tissue blocks of the medial temporal lobe including the hippocampus, parahippocampal gyrus, and inferior temporal cortex were fixed in 4% paraformaldehyde, cryoprotected in graded sucrose concentrations, and sectioned at 40 mm. A portion of unfixed hippocampal tissue from three AD and two control cases was flash frozen for Western blotting (see below). Free-floating single-label IHC was performed as described previously (Ikonomovic et al. 2004) . Briefly, three sections from each case were incubated with antibodies generated against different regions of human 5-LOX protein (see Table 1 for complete list of 5-LOX antibodies) for 24 hr at 4C.
Sections were incubated for 1 hr at 21C in affinitypurified biotinylated secondary antisera (Jackson ImmunoResearch; West Grove, PA) generated against the primary antisera host. Immunoreactivity was visualized using the VectaStain Elite kit (Vector Laboratories; Burlingame, CA) with nickel-enhanced DAB (NiDAB) as the chromogen. The reaction was absent in sections that were exposed to the incubation solution lacking the primary antibody. Sections from all AD and control cases were processed together.
Dual-labeling IHC/histochemistry
Chromogen-based dual labeling was performed as described previously (Desai et al. 2005 ) using the 10D5 monoclonal antibody generated against the NH 2 terminus of human Ab (Athena Neurosciences; South San Francisco, CA) (Hyman et al. 1992 ) and the Cayman 5-LOX antisera (Cayman; Ann Arbor, MI) ( Table 1) . 5-LOX immunoreactivity was visualized using NiDAB as described above; 10D5 immunoreactivity was visualized using Vector Red (Vector), an alkaline phosphatase substrate. NFTs were detected using X-34 histofluorescence as previously described (Ikonomovic et al. 2006 ). X-34 is an amyloid binding compound and a particularly sensitive marker of neurofibrillary pathology (Styren et al. 2000) . Sections were histostained with X-34 (generously provided by Dr. William E. Klunk, University of Pittsburgh, Pittsburgh, PA), imaged, and processed for 5-LOX IHC as described above. Matching images were captured to assess the degree of codistribution of 5-LOX-and X-34-labeled NFTs. Dual immunofluorescence labeling was performed as described previously (Desai et al. 2005) , using antibodies directed against the NH 2 terminus of 5-LOX (goat polyclonal; Santa Cruz-N, Santa Cruz, CA), tau (clone K9JA; DAKO, Carpinteria, CA; rabbit polyclonal), and Alexa 594-conjugated donkey anti-goat and Alexa 488-conjugated donkey anti-rabbit secondary antibodies (Molecular Probes; Eugene OR), respectively.
Antibody Characterization by Peptide Preabsorption and Western Blot Analysis
Antibody preabsorption testing was performed by preincubating 5-LOX antisera (1:600; Cayman) with excess 5-LOX peptide (1 mg/ml; Cayman) for 1 hr at 4C, followed by the single-labeling IHC protocol outlined above. For Western blot analysis of frozen hippocampal homogenates, proteins were separated electrophoretically on a 10% Bis-Tris-HCl gel for 1 hr at 21C, blotted onto nitrocellulose membranes, and incubated in 5-LOX antisera (1:1000; Cayman) overnight at 4C. 5-LOX-immunoreactive bands were visualized with a horseradish peroxidase-conjugated goat anti- Figure 1 Schematic illustration of representative distributions of 5-lipoxygenase (5-LOX)-labeled elements, using the 5-LOX antibodies shown in Table 1 , in the hippocampus of an AD subject.
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mouse secondary antisera (1:2500; Vector; 1 hr at 21C) and a chemiluminescence detection system (Pierce Biotechnology; Rockford, IL).
Statistical Analysis
The mean values of demographics in AD and control groups were compared using t-test for independent samples, with statistical difference set at p,0.05 (one-tailed).
Results
In AD hippocampus, 5-LOX antibodies immunolabeled a variety of elements including neuronal cell bodies and processes, glial cells, blood vessels, and NFT-and plaque-like structures. Semiquantitative evaluation of the frequency with which each antibody labeled different immunoreactive structures is summarized in Table 1 , and their overall localization/distribution patterns are shown schematically in Figure 1 and described below. 5-LOX immunoreactivity was largely absent in control subjects (see below; Figure 2 ). Although AD subjects were older, had shorter PMI (both p,0.001), and included more women than the control group, similar labeling patterns were observed when evaluating 5-LOX-ir structures in AD subjects of different age, sex, or postmortem delay.
IHC Using NH 2 Terminus-directed 5-LOX Antibodies Using antisera against the N terminus (aa 1-80) and a region proximal to the N terminus (aa 130-149), 5-LOX immunoreactivity was not detectable, or was very sparse, in lightly labeled pyramidal cells in CA1/ subiculum of control subjects (Figures 2A and 2D) . In AD hippocampus, however, these antibodies intensely labeled dystrophic-looking pyramidal neurons, plaquelike clumps of cell processes, and, less frequently, glial cells (Table 1 ; Figures 2 and 3 ). In the CA1 region (Figures 2B , 2E, and 4A) and the subiculum ( Figures 2C  and 2F ) of AD subjects, numerous dystrophic neurons with twisted apical dendrites and tangled intracellular material, resembling paired helical filaments, were strongly 5-LOX-ir. A subset of these cells, particularly those in the subiculum, had the morphology of classic NFTs ( Figure 2F ). 5-LOX-ir plaque-like clumps of small cell bodies and processes ( Figure 2F ) were observed in all hippocampal fields but were particularly numerous in the molecular layer of the dentate gyrus ( Figure 3 ). Similar structures were seen in the inferior temporal cortex ( Figures 3C and 3D) , where 5-LOX-ir cell structures were distributed both focally and in more dispersed clusters (Figure 3 ).
IHC Using COOH Terminus-directed 5-LOX Antibodies
In control subjects, immunolabeling with carboxy terminus 5-LOX antibodies was scarce and very light (not shown), similar to that seen with amino terminus 5-LOX antibodies. In AD cases, the pattern of immunolabeling with carboxy terminus 5-LOX antibodies differed compared with that observed with amino terminus 5-LOX antibodies. No plaque-like clumps of cell processes were observed, and dystrophic neurons and tangle-like cells were observed infrequently (Table 1 ; Figure 4B ). In contrast, these antibodies detected moderate numbers of normal looking pyramidal neurons and numerous glial cells (Table 1 ; Figure 4 ).
5-LOX Antibody Characterization
We next examined the binding specificity of the antibody directed to 5-LOX aa 130-149 (Cayman), because it detected the full array of 5-LOX-immunoreactive elements observed using the other antibodies (Table 1) . Preabsorption of this antiserum with excess 5-LOX peptide dramatically reduced 5-LOX immunostaining (Figure 5 ). With the same antisera, Western blot analysis of AD hippocampal homogenates showed a prominent band at ?80 kDa; under these experimental conditions, the same signal was not observed in hippocampal homogenates from control subjects ( Figure 5 ). 
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5-LOX Colocalization With Ab Plaques and NFTs
We next assessed the degree to which 5-LOX-ir structures codistributed with Ab plaques and NFT. The Cayman and Santa Cruz N terminus 5-LOX antibodies most robustly labeled plaque structures and dystrophic neurons, respectively; consequently they were used for dual labeling with markers of Ab plaques and NFTs. In sections dual-immunolabeled for 5-LOX and Ab, we observed a close association between 5-LOX-ir glial cells and Ab-ir plaques, as well as cerebrovascular Ab deposits ( Figure 6 ). Many of these cells had the morphological characteristics of astrocytes and were often highly ramified. Within Ab-ir plaques, 5-LOX immunoreactivity was restricted to clusters of cell bodies and processes; these were absent in more diffuse Ab deposits. In the entorhinal cortex lamina II, we observed Ab immunoreactivity as a diffuse haze around the soma of a subset of NFTs that were also 5-LOX-ir (Figure 6D) .
Dual labeling of tissue sections with 5-LOX and an antibody generated against human tau showed 5-LOX immunoreactivity in a subset of tau-ir NFTs in the CA regions of the hippocampus (Figure 7 ). In the entorhinal cortex, almost all of the robustly 5-LOXimmunoreactive dystrophic neurons within lamina II cell islands contained fibrillar amyloid, shown using the amyloid-binding dye X-34 (Figure 7) . 
Discussion
This IHC analysis showed that, in the AD medial temporal lobe, there are robust intracellular increases in 5-LOX protein. These changes might be caused by disease-related increases in cytokine production and increased Ab production, both of which can activate p38-mitogen-activated protein kinase (p38-MAPK) (Raingeaud et al. 1995) , which in turn may activate 5-LOX protein (Hanaka et al. 2005 ) and facilitate translocation of 5-LOX from the cytosol to the nuclear membrane, where it achieves its active state through interactions with the 5-LOX-activating protein (Luo et al. 2003) . In further support of its role in AD pathogenesis, 5-LOX upregulation localized primarily to glial and neuronal cells that were associated with Abir plaques and NFTs, the pathological hallmarks of AD. 5-LOX-ir glial cell bodies were frequently observed within and surrounding Ab plaques, reflecting 
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the typical distribution of reactive astrocytes and macrophages in AD brains. Upregulation of 5-LOX could mediate the proinflammatory effect of Ab-containing senile plaques or, conversely, influence their development in AD (Firuzi et al. 2008) . The pattern of 5-LOX immunoreactivity in this study is nearly identical to what was observed previously in AD brain using antibodies against p38-MAPK (Hensley et al. 1999) , which is also detected in tau-containing NFTs (Ferrer et al. 2001) . The idea that this inflammatory cascade is a potential therapeutic target is underscored by the observation that lipoxygenase inihibition is beneficial in relation to elevated oxidative stress caused by normal aging (Bishnoi et al. 2005) , after experimental stroke (Jatana et al. 2006) , and in models of amyotrophic lateral sclerosis (West et al. 2004) , likely through suppression of toxic action of microglia (Klegeris and McGeer 2002) . The potential benefit of 5-LOX inhibition in AD is further supported by the fact that elevated 5-LOX expression, together with increased levels of other LOX enzymes (e.g., 12/15-LOX), likely contributes to lipid peroxidation and oxidative stress (Pratico 2002; Praticò et al. 2004) , which are believed to play an important role in the formation of AD lesions (Smith et al. 1996) . Proinflammatory cascades involving neutrophil infiltration, expression of cytokines such as interleukin (IL)-1b and tumor necrosis factor (TNF)-a, and production of reactive oxygen species are substantially reduced in 5-LOX-deficient mice (Cuzzocrea et al. 2005; Genovese et al. 2005) , further supporting the idea that 5-LOX has an important regulatory role in these potentially pathologic processes.
Robust 5-LOX immunoreactivity was also associated with clumps of cell processes in plaques and with intracellular fibrillar aggregates inside NFTs. The exact mechanism of how 5-LOX contributes to the development of neurofibrillary pathology is unclear, however, it may involve its affinity for the coactosin/actin protein complex, where it can regulate actin dynamics (Provost et al. 2001) . Polymerized actin aggregates are abundant in AD brain, where they are associated with virtually all NFTs and amyloid plaques (Minamide et al. 2000) . The close association of 5-LOX with dystrophic neurons and neuritic plaque-like structures suggests that increased 5-LOX production and/or activity could be involved in the actin-related alterations in neuronal cytoskeleton and might contribute to neurodegenerative changes in AD. In the entorhinal cortex, the initial site of NFT formation, we found that almost all of the 5-LOX-immunoreactive lamina II cells contained fibrillar amyloid, indicative of advanced NFTs. In other areas of the medial temporal cortex, we observed partial overlapping of 5-LOX-immunoreactive neurons with tau-immunoreactive NFTs. Colocalization of 5-LOX with antibodies specific for different stages of NFT development is currently being assessed.
It is not clear why a subset of neurons with normal pyramidal cell morphology in the AD brain also upregulated 5-LOX; these cells could be undergoing prodromal (pre-tangle) degenerative changes.
This study showed that antibodies generated against different portions of 5-LOX amino acid sequence, particularly the catalytic carboxyl terminus and the ligand binding N terminus (Rådmark et al. 2007) , revealed different, although partially overlapping, patterns of immunolabeling. The carboxy terminus 5-LOX antisera labeled primarily neurons with normal appearing morphology, as well as numerous glial cells. The observed punctuate pattern of immunolabeling, most abundant in the peri-nuclear area ( Figure 4C ), is consistent with cytosolic and nuclear location of this enzyme. In contrast, amino terminus-directed 5-LOX antibodies labeled primarily dystrophic cells and neuritic elements, as well as reactive glia associated with Ab plaques. The immunolabeling was particularly robust using the latter antibodies, and, with the exception of glia, they appeared to label almost exclusively fibrillar structures in plaques. The different labeling patterns of carboxy and amino terminus 5-LOX antibodies could reflect post-translational protein modifications. Conformational changes and/or proteolytic processing of 5-LOX could have shown some, and masked other, epitopes specific to the 5-LOX antibodies used in this study. The effect of such changes on 5-LOX enzyme activity, and their role in the pathogenesis of AD, remains to be determined.
In conclusion, 5-LOX protein is upregulated in AD hippocampus, where it is primarily associated with neurofibrillary structures and Ab-containing plaques. 5-LOX upregulation may result from increased oxidative stress (Pratico and Delanty 2000) , which occurs early in AD in association with the development of amyloid lesions (Nunomura et al. 2001; Moreira et al. 2008 ). In addition, Ab peptide fibrilization and tau overphosphorylation themselves may stimulate lipoxygenase activity, creating a vicious cycle of pathological cascades that could perpetuate neuronal degeneration and loss of synapses in AD. Our data provide further support for the exploration of therapeutic interventions that target lipoxygenase activity, especially in the early stages of AD.
